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The rapid growth of the solar energy industry has produced a strong demand for
high performance, efficient photoelectric materials. Many ferroelectrics, composed
of earth-abundant elements, are useful for solar cell applications due to their large
internal polarization. However, their wide band gaps prevent them from absorb-
ing light in the visible to mid-infrared range. Here, we address the band gap issue
by investigating, in particular, the substitution of sulphur for oxygen in the per-
ovskite structure ZnSnO3. Using evolutionary methods we identify the stable and
metastable structures of ZnSnS3 and compare them to those previously character-
ized for ZnSnO3. Our results suggest that ZnSnS3 forms a monoclinic structure
followed by metastable ilmenite and lithium-niobate structures. The latter structure
is highly polarized and it possesses a significantly reduced band gap of 1.28 eV. These
desirable characteristics make it a prime candidate for solar cell applications.
Keywords: Structure prediction, evolutionary methods, ZnSnO3, ZnSnS3, ferroelectrics,
mBJ, solar cells,
I. INTRODUCTION
Ferroelectrics are materials that possess spontaneous electric polarization. This results
from a lack of inversion symmetry; all ferroelectric crystals are non-centrosymmetric. Due
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2to intrinsic polarization, ferroelectrics may serve as light harvesters in photovoltaic devices
[1–6]. In a semiconductor p-n junction acting as a photovoltaic device, the built-in po-
tential across the depletion layer is used to separate the photoexcited electron-hole pairs;
the maximum open-circuit voltage is thus almost equal to the semiconductor band gap. In
a ferroelectric, on the other hand, the separation of the photoexcited pairs is due to the
built-in potential induced by the intrinsic polarization; this makes possible the realization
of open-circuit voltages that far exceed the band gap [7–17].
Among the most important ferroelectrics are metal oxide perovskites with the general
formula ABO3, where A and B are metal cations (usually, B is a transition metal). Well-
known examples of such ferroelectrics are BaTiO3 and LiNbO3. These oxides have relatively
large internal electric fields that could be exploited in photovoltaic applications. However,
progress in this area has been hampered by the fact that these ferroelectrics have a large
band gap (3-4 eV), which makes them unsuitable to function as efficient light harvesters.
The large band gap is due to the strong ionic bonding between the transition metal B and
oxygen, which, in turn, is due to the large difference in electronegativity between these
atoms. In ABO3, the highest valence band is derived from oxygen 2p orbitals, while the low
conduction bands are derived from the transition metal 3d states.
To reduce the band gap in ferroelectrics, different strategies have been implemented. Choi
et al. [18] alloyed the ferroelectric Bi4Ti3O12, which has an optical band gap between 3.1
and 3.6 eV [19–21], with LaCoO3, which is a Mott insulator with a small band gap of 0.1 eV
[22]. From X-ray diffraction and scanning transmission electron microscopy they concluded
that some La atoms substitute for some Bi atoms at some specific sites, and some Co atoms
occupy some Ti sites. Since Co is more electronegative than Ti (1.88 vs 1.54), Co-O bond is
less ionic than Ti-O bond, and a reduction in the band gap is expected. Indeed, a reduction
of up to 1 eV was observed.
In another approach, Grinberg et al. [23] placed two different transition metal cations
on the perovskite B-site, with one atom driving ferroelectricity and the other producing
a band gap in the visible range. They mixed the ferroelectric oxide potassium niobate
(KNbO3) with barium nickel niobate (BaNi1/2Nb1/2O3−δ) so as to introduce Ni
2+ on the
B-site along with an oxygen vacancy which can give rise to gap states in the host KNbO3
crystal. The solid solutions thus formed, [KNbO3]1−x[BaNi1/2Nb1/2O3−δ]x with x = 0.1 to
0.5, were ferroelectric with a direct band gap ranging from 1.1-3.38 eV.
3In some multiferroics, which exhibit a magnetic order along side the ferroelectric one,
a somewhat smaller band gap exists. In BiFeO3 the band gap is 2.7 eV [24, 25]. It is
thus expected that multiferroics, such as BiFeO3 and Bi2FeCrO6 [26, 27], would be more
promising candidates for solar cell applications. In Bi2FeCrO6 epitaxial thin films, the
optical band gap depends on the degree of Fe-Cr ordering. This dependence results from
the hybridization of the 3d orbitals in Fe and Cr with the 2p orbitals in oxygen. Nechache
et al. [28] investigated the effect on the band gap of Fe/Cr ordering and found that, under
the right film growth conditions, the band gap can be tuned all the way from 2.7 eV down
to 1.5 eV.
An important class of ferroelectric oxides are those that crystallize in the LiNbO3 struc-
ture (LN-structure) with space group R3c. These crystals are non-centrosymmetric with a
large polarization. LN-ZnSnO3, synthesized under a pressure of 7 GPa [29], has a polar-
ization given by 59 µC/cm2. Other LN-type polar oxides synthesized under high pressure
include CdPbO3 [30], PbNiO3 [30, 31], GaFeO3 [32], and LiOsO3 [33]. Ilmenite ZnGeO3
transforms to an orthorhombic perovskite phase at 30 GPa, and upon releasing the pres-
sure, to the LN-structure [34, 35] with a polarization of about 60 µC/cm2 [36, 37]. Several
other LN-type oxides, such as MnTiO3 [38–41], MnSnO3 [42, 43], FeTiO3 [39, 43–45], FeGeO3
[46], MgGeO3 [35, 39, 47], and CuTaO3 [48] were similarly obtained during decompression
from the perovskite-type phase, which is stable at high pressure. More recently, LN-type
ZnTiO3, with a large polarization of 88 µC/cm
2, has been synthesized in this fashion [49].
Polar oxide semiconductors of the LN-type have wide band gaps. For example, ZnSnO3
has a band gap of 3.3-3.7 eV [50, 51]; such values are typical for this class of materials.
However, it has been noted that the band gap in ZnSnO3 is very sensitive to variations in
the lattice constants, and suggestions have been made to tune the band gap by growing
ZnSnO3 films on a substrate with some degree of lattice mismatch [52], by substituting
sulfur for oxygen [53], or by substitutional doping with calcium or barium [54].
In this work, we carry out first-principles calculations, using density functional the-
ory (DFT), on three LN-type crystals with large remnant polarization, namely, ZnSnO3,
ZnGeO3, and ZnTiO3. We show that, upon using the modified Becke-Johnson (mBJ) ex-
change potential [55], the correct sizes of the band gaps are calculated for these crystals.
Having established the validity of this computational method in producing the correct band
gaps for this family of compounds, we then focus on ZnSnO3 and study the efect of substitut-
4ing sulfur for oxygen. Since the structure of the resulting compound, ZnSnS3, is unknown,
we carry out extensive calculations using evolutionary algorithms in order to determine its
structure. We find that the most stable structure has a monoclinic unit cell, followed by
two metastable structures, namely an ilmenite and a lithium niobate (LN) structure. The
monoclinic and ilmenite phases are not polar, but the LN-phase is ferroelectric with a large
polarization and a small band gap of 1.28 eV.
II. METHODS
To predict the stable and metastable structures of ZnSnS3, two different evolutionary
methods, implemented in the codes USPEX and CALYPSO, were employed. The US-
PEX (Universal Structure Predictor: Evolutionary Xtallography) code [56–58], developed
by Oganov, Glass, Lyakhov and Zhu, features local optimization, real-space representation
and variation operators that mimic natural evolution. The CALYPSO (Crystal structure
AnaLYsis by Particle Swarm Optimization) code [59], developed by Wang, Lv, Zhu and Ma,
uses local structural optimization and the particle swarm optimization (PSO) method to
update structures.
The first step, in both methods, is to generate a population of random crystal structures,
each with a symmetry described by a randomly chosen space group. Once a space group
is selected, appropriate lattice vectors and atomic positions are generated. Each generated
structure is optimized using density functional theory and its free energy (known as the
fitness function) is calculated. The structure optimization is carried out using the code
VASP [60–62], which uses a plane wave basis for expanding the electronic wave function.
Each structure is optimized in four steps, beginning with a coarse optimization and gradually
increasing the accuracy. In the last optimization step, the kinetic energy cutoff for plane wave
expansion of the wave function is 600 eV. The optimized structures of the initially generated
population constitute the first generation, each member being called an individual. A new
generation is then produced where some of its members are generated randomly while others
are obtained from the best structures (those with lowest energy) of the previous generation.
In USPEX, new individuals (offspring) are produced from parent structures by applying
variation operators such as heredity, mutation, or permutation. In the PSO method, a
new structure is generated from a previous one by updating the atomic positions using an
5evolutionary algorithm. The structures in the new generation are optimized, and the best
among them serve as precursors for structures in the next generation. The process continues
until convergence to the best structures is achieved.
Band gaps, band structures, and densities of states were calculated using the all-electron,
full-potential, linearized, augmented plane wave method as implemented in the WIEN2K
code [63]. Here, space is divided into two regions. One region comprises the interior of
nonoverlapping muffin-tin spheres centered on the atomic sites, while the rest of the space
(the interstitial) makes the other region. The electronic wave function is expanded in terms
of a set of basis functions which take different forms in the two distinct regions of space.
Inside the spheres, the basis functions are atomic-like functions written as an expansion
in spherical harmonics up to lmax = 10. In the interstitial, they are plane waves with a
maximum wave vector of magnitude Kmax. Each plane wave is augmented by one atomic-
like function in each muffin-tin sphere. Kmax was chosen so that RmtKmax = 8, where Rmt
is the radius of the smallest muffin-tin sphere in the unit cell. Charge density was Fourier-
expanded up to a maximum wave vector of 14 a−10 , where a0 is the Bohr radius. Modified
Becke-Johnson exchange potential [55], which is known to yield reasonably accurate band
gap values in semiconductors, was adopted in our band structure calculations. In the self-
consistent field calculations, the total energy and charge were converged to within 0.1 mRy
and 0.001 e, respectively. For total energy calculations, a Monkhorst-Pack [64] 8x8x8 grid
of k-points in the Brillouin zone is used.
III. RESULTS AND DISCUSSION
As a rough guide to predicting the stable structure of a compound of the form ABX3,
where A and B are cations and X is an anion, one usually calculates the Goldschmidt
tolerance factor given by
t =
rA + rX√
2(rB + rX)
(1)
where rA, rB, and rX are the radii of the A, B, and X ions, respectively. For Zn, Sn,
O, and S, the ionic radii are given, respectively, by 0.74 A˚, 0.69 A˚, 1.4 A˚, and 1.84 A˚.
Using these values, we find that for ZnSnO3, t = 0.724, while for ZnSnS3, t = 0.721. We
are thus tempted to conclude that the replacement of oxygen with sulfur should not cause
6a change in structure. As stated in the introduction, the most stable phase of ZnSnO3 is
the ilmenite structure (space group R-3) which, upon application and subsequent release
of pressure, transforms to the ferroelectric lithium niobate (LN) phase (space group R3c).
One would expect ZnSnS3 to behave in a similar way. However, the large polarizability of
sulfur indicates that the Goldschmidt tolerance factor may not be sufficient for predicting
the structure of sulfur-containing compounds [65].
To resolve this issue, we carried out extensive calculations using the evolutionary algo-
rithm implemented in USPEX and the PSO method used by CALYPSO. During the USPEX
calculation, 20 generations were produced with each generation containing 20 individuals.
In the PSO method we produced 20 generations, each generation consisting of 50 individ-
uals. For all generated structures, the unit cell was assumed to contain two formula units.
The most stable structures were identified, each with a specific space group. To analyze
the results further, 80 random structures were subsequently generated for each of the most
stable space groups. Out of each set of 80 optimized structures, the single structure with
the lowest energy was identified. In this fashion, the best structures of ZnSnS3, along with
their specific space groups, were determined.
In Table 1 we list these ZnSnS3 structures by order of their stability. To compare the
relative stability of various structures, the free energy per atom in the most stable structure
is set equal to zero. That structure has a monoclinic unit cell with space group P21 (number
4). The metastable structure with lowest energy is the ilmenite, followed by the LN-type
structure. This is to be contrasted with ZnSnO3, where the ilmenite structure is most stable
and the LN-phase is a metastable one. Similar to the case of ZnSnO3, we expect that ZnSnS3
would undergo a phase transition from the most stable monoclinic phase to the metastable
phase of ilmenite or LN-type under appropriate conditions of temperature and pressure.
To evaluate the relevance of ZnSnS3 to solar cell applications, we have calculated the
band structures of the three most stable phases of this compound. Since low band gap values
for the light absorbers are essential for photovoltaic applications, it is important that the
computational method yield accurate values for these gaps. Density functional theory, when
using the local density approximation (LDA) or generalized gradient approximation (GGA)
to approximate the exchange-correlation term, is known to severely underestimate band
gaps in semiconductors. The use of the modified Becke-Johnson (mBJ) exchange potential
results in a great improvement in the band gap values comparable to that achieved by the
7TABLE I: The predicted most stable structures of ZnSnS3 at atmospheric pressure. The space
groups that describe the symmetry of the structures, the lattice constants (in A˚), the angles
between the lattice vectors (in degrees), and the relative energies per atom (in eV) are shown. For
ease of comparison, the energy per atom of the most stable structure is set equal to zero.
Space group (number) Lattice constants (A˚) and angles (degrees) Energy/atom (eV)
P21 (4) a=8.714, b=6.398, c=3.752, α = β = 90, γ = 92.362 0.000
R-3 (148) a=b=c=7.016, α = β = γ = 53.689 0.040
R3c (161) a=b=c=6.761, α = β = γ = 55.799 0.068
P63/m (176) a=b=3.737, c=17.405, α = β = 90, γ = 120 0.074
R32 (155) a=b=c=6.828, α = β = γ = 55.122 0.089
P63 (173) a=b=6.187, c=6.431, α = β = 90, γ = 120 0.100
Cc (9) a=b=6.393, c=10.796, α = β = 88.229, γ = 146.963 0.145
P63mc (186) a=b=3.766, c=16.559, α = β = 90, γ = 120 0.154
R-3c (167) a=b=c=6.794, α = β = γ = 56.359 0.155
much more expensive GW approximation. For example, consider the case of ZnSnO3. It has
a measured band gap Eg in the range 3.3-3.7 eV [50, 51]. Our calculations, using GGA, give
a band gap of 1.5 eV. On the other hand, using the mBJ exchange potential, we calculate a
band gap of 3.4 eV, which is in excellent agreement with experiment. We also calculated the
band gaps in ZnGeO3 and ZnTiO3 using this same method, and found them to be 3.57 eV
and 3.51 eV, respectively. Though experimental values are not available for the band gaps of
theses two compounds, the calculated values are typical of those encountered in ferroelectric
oxides.
In Fig. 1 we present the calculated energy bands and density of states of the monoclinic
phase of ZnSnS3, with space group P21, using the mBJ exchange potential. The band gap
is 1.90 eV. Similar calculations on the ilmenite phase of ZnSnS3, with the space group R-3,
feature a band gap of 2.30 eV. These two phases of ZnSnS3 are not very useful as light
harvesters in solar cells for two reasons: (1) they do not have small band gaps, and (2) they
are not polar.
The situation is markedly different for the LN-phase of ZnSnS3 with space group R3c
(number 161). This phase has a low band gap and a large polarization. In Fig. 2 we show
8FIG. 1: Energy bands in the monoclinic phase (space group number 4) of ZnSnS3, plotted along
high symmetry directions, along with a plot of the density of states. The bands are calculated by
using the mBJ potential for exchange and correlation. The zero of energy is taken to coincide with
the valence band maximum.
the calculated band structure, using the mBJ potential, along with the density of states.
Here the band gap is 1.28 eV, in agreement with a previous calculation [53] that used the
GW approximation. The upper valence bands are derived mainly from S p-orbitals while
the lower conduction bands result mainly from Sn s- and S p-orbitals. The polarization,
calculated using the Berry phase formalism of the modern theory of crystal polarization
[66, 67], is found to be 57 µC/cm2, which is essentially the same as in the ferroelectric
ZnSnO3. About one third of the polarization is electronic and the rest is ionic. The large
ionic polarization derives from the particular crystal structure of this phase of ZnSnS3.
Though the Sn ion is octahedrally bonded to six S ions, it does not sit at the center of
the octahedron; rather, three of the six Sn-S bonds have a length of 2.42 A˚while the other
three have a length of 2.57 A˚. Hybridization between the Sn s- and S p-orbitals causes a
displacement of the Sn ion from the center of the octahedron, thereby lowering the energy
of the system.
9FIG. 2: Energy bands in the LN-phase (space group number 161) of ZnSnS3, plotted along high
symmetry directions, along with a plot of the density of states. The bands are calculated by using
the mBJ potential for exchange and correlation. The zero of energy is taken to coincide with the
valence band maximum.
IV. CONCLUSIONS
As anticipated, our calculations indicate that the substitution of sulfur for oxygen in
ZnSnO3 would reduce its band gap, particularly for the LN-phase. This reduction is suf-
ficient to bring the absorption band of ZnSnS3 into the visible to mid-infrared spectrum,
thereby making it a suitable material for solar cell applications. An unexpected result of the
substitution is that a monoclinic phase becomes the most stable structure of ZnSnS3. How-
ever, we assume that, as with ZnSnO3, a suitable application of temperature and pressure
may be used to transition ZnSnS3 to its LN-phase. More work must be done to character-
ize the nature of this transition. The introduction of a stable monoclinic phase in ZnSnS3
implies that one cannot simply assume that materials generated by substituting another el-
ement for oxygen in perovskite oxides will maintain the same relationships between phases.
Future analysis should more thoroughly investigate the phases of ZnSnS3, evaluating their
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stability at a variety of pressures. The transition pathway between phases should also be
identified. Finally, the effect of the sulfur for oxygen substitution on other oxides such as
ZnGeO3 and ZnTiO3 should be considered.
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